Introduction
The controlled fabrication of structurally defined assemblies across length scales represents a significant challenge to current synthetic methods. Sequence-specific macromolecules (e.g. nucleic acids [1] , proteins [2, 3] and structurally related foldamers [4] ) have been employed with great success over the last two decades for the construction of these types of ordered materials. Thus far, nucleic acids have been the most commonly employed sequence-specific macromolecules for the creation of structurally defined assemblies [5] [6] [7] . DNA origami [6] represents the foremost example of this approach. Short staple strands of synthetic oligonucleotides are employed to fold the single-stranded DNA genome of M13 phage into user-definable and computationally predictable one-, two-and three-dimensional shapes. DNA has the advantage that the Watson -Crick base pairing rules for duplex DNA recognition provide a simple scoring function that can be employed to distinguish among alternative structural alignments. In comparison, the rules that govern protein-protein interactions are more complex and difficult to reliably predict. However, the sequence specificity and chemical diversity of peptide-based materials affords the opportunity to introduce functional complexity across length scales, if structure could be controlled and reliably predicted. In addition, peptides have the advantage of greater chemical stability and physical robustness in comparison to nucleic acids and are amenable to preparative-scale synthesis.
Two-dimensional peptide-and protein-based assemblies (i.e. nanosheets) represent attractive synthetic targets in that these types of nanomaterials may be integrated more straightforwardly into devices using conventional nanofabrication methods [8] . The availability of nanosheets of defined structure facilitates a nanoarchitectonics approach [9, 10] towards the fabrication of functional nanoscale devices. Strategies for the construction of nanosheet structures are relatively limited in scope, mainly to interface-confined synthesis (e.g. layer-by-layer deposition, Langmuir-Blodgett techniques, and selfassembled monolayers on gold and other solid substrates). Self-assembly represents an attractive alternative approach for the controlled fabrication of two-dimensional nanoscale assemblies. Peptides and proteins have a high density of chemical functionality that can be arranged within a defined macromolecular architecture. This molecular-level information can be used within a given structural context to direct highly specific intra-and intermolecular interactions that would promote self-assembly of thermodynamically stable and structurally defined two-dimensional assemblies. Thus far, structurally defined nanosheets have been created using self-assembly of a variety of structural motifs including collagen-mimetic peptides [11] [12] [13] [14] [15] , b-sheet peptides [16, 17] , straight a-helices [18] , a-helical coiled-coils [19] and globular proteins [20] [21] [22] [23] . This approach has afforded a significant degree of control over the critical architectural features of the nanosheet, including thickness, internal structure and surface chemistry. While the development of functional nanosheet assemblies has lagged, the potential for these materials can be discerned in the recent report of a covalently linked, protein-based nanosheet that displays dynamic auxetic behaviour with a Poisson's ratio of -1, corresponding to the limiting value for an isotropic material [20] .
Despite these notable successes in nanosheet fabrication, significant challenges remain specifically in the ability to reliably predict and reproducibly control the size, shape and internal structure of these peptide-and protein-based nanosheets. In order to develop the nanosheets as platforms for integration into more complex structures, uniform populations of structurally and dimensionally defined sheets would be the optimal starting point. While progress towards this goal has been accomplished using computational design, a priori prediction of the structure of large assemblies of protomers is computationally laborious. Recent evidence [12, 18] from structural studies of nanosheets based on several disparate structural motifs has provided evidence that geometrical frustration [24] may be a useful principle to understand anomalies in the observed structures of peptide-based nanosheets derived from layered packing of chiral, rod-like protomers. While these studies are far from complete, we envision that geometrical frustration may be a useful principle to guide the design of peptide-based nanosheets of controlled dimensions and/or novel internal arrangement of the component macromolecules. In this paper, we employ the concept of geometrical frustration to rationalize the formation of these anomalous nanosheet structures.
Geometric frustration in soft materials
Geometrical frustration is manifested under circumstances in which two or more competing forces act in opposition to inhibit the propagation of a local pattern of order globally throughout the material [24] . While originally proposed to explain the behaviour of spin glasses (two-and threedimensional networks of Ising spins displaying frustrated magnetic ordering) [25, 26] , the concept of frustration has been extended to rationalize anomalies in the spatial arrangement of subunits in condensed phases (liquid crystals and polymer crystals) and assemblies of soft materials [27, 28] . Geometrical frustration has been invoked to account for exotic phenomena such as the formation of liquid crystalline blue phases in mesomorphs derived from chiral subunits [29] . While not exclusively limited to these types of materials, chiral, non-racemic subunits may be particularly susceptible to geometrical frustration in which the short-range forces of attraction are opposed by the energetic cost of elastic deformation required for close packing. The consequences of geometric frustration are manifested in multiple ways, most notably, in the formation of dimensionally restricted materials or in distortion of the native packing arrangement to form a periodic lattice of defect sites [24, 28] . In the former case, the local structure can only propagate to a limited extent due to imperfections in the packing of the chiral subunits, which results in self-limiting dimensional growth of domains. The domain dimensions depend on the ratio of the energetic attraction between subunits to the energetic cost of elastic deformation [24] . This phenomenon has been observed previously in both native and synthetic peptide-and protein-based paracrystalline assemblies, specifically in terms of restrictions in the lateral growth of type I collagen fibres [30] and synthetic a-helical coiled-coil assemblies [31, 32] as well as the finite degree of lamination of b-sheet fibrils and crystallites [33, 34] . Interestingly, under conditions in which degree of chirality can be tuned, dynamic, responsive shape transitions can occur due to changes in environmental conditions, such as those observed by Dogic and co-workers for two-dimensional colloidal dispersions of a filamentous phage [35] .
The alternative case of defect lattice formation has been studied extensively for helical polymer crystals, specifically under conditions in which the chains pack in a hexagonal close-packed lattice [28] . The polymers may be either chiral or racemic, but, in situations in which geometrical frustration is observed, changes in azimuthal setting and axial displacement occur for helices within the structure that breaks the energetic degeneracy of the non-covalent interaction between helices, resulting in a larger lattice defined by defect sites. The macromolecular architectural parameters that govern this structural distortion may be subtle and difficult to parse in the absence of detailed structural studies [28] . For example, poly((2S)-proline) in its form II conformation crystallizes in a trigonal unit cell that contains a single polypeptide chain [36] . By contrast, poly((2S,4R)-hydroxyproline), or poly(trans-hydroxyproline), crystallizes in its form II conformation in a larger trigonal unit cell that contains three unique chains [37] . Two of the helices within the unit cell occupy privileged positions, while the remaining (frustrated) helix occupies a higher energy position. The positions of the frustrated helices define the larger periodic, defect lattice of the crystal. While both poly( proline) and poly(transhydroxyproline) adopt the same backbone conformation, only the latter experiences the consequences of geometric frustration. Cartier & Lotz [37] have speculated that the formation of inter-helical hydrogen bonds between trans-hydroxyl groups and amide carbonyl groups is geometrically, and consequently, energetically, feasible only within the frustrated lattice. Thus, specific directional interactions may favour the formation of frustrated lattices under conditions in which the non-frustrated lattice would be otherwise comparable in energy. This phenomenon may represent a method to stabilize structures related to or derived from geometrically frustrated structures (vide infra).
rsfs.royalsocietypublishing.org Interface Focus 7: 20160141 3. Dimensional restriction in collagen-mimetic nanosheets
We recently described the synthesis of nanosheets derived from self-assembly of charge-complementary collagenmimetic peptides. Three peptide sequence variants, NSI, NSII and NSIII [11, 12] , were designed in order to bias selfassembly towards the formation of two-dimensional layered assemblies through incorporation of structural features to promote selective interaction between helical bundles (scheme 1). The peptides NSI, NSII and NSIII were based on a triblock pattern of collagen triad repeats in which positively charged, neutral and negatively charged groupings of triads occurred successively within the peptide sequence [38] . In order to direct the Coulombic interactions between triple helices, we chose to incorporate the non-canonical imino acids (2S,4R)-4-aminoproline (Amp) in NSI and NSII and (2S,4S)-4-aminoproline (amp) in NSIII (scheme 1). Ganesh et al. [39, 40] have demonstrated that these imino acids could be substituted in place of (2S,4R)-4-hydroxyproline (Hyp) in collagen-mimetic peptides consisting of six triad repeats. The corresponding peptides adopted triplehelical structures that were thermodynamically stable and demonstrated cooperative melting transitions that depended on pH and ionic strength. The stereoelectronic properties of Amp recapitulate those of Hyp, in that the pyrrolidine ring adopts a C-4 exo ring pucker conformation (figure 1b) [41, 42] . By contrast, the stereoelectronic properties of amp mimic those of (2S,4S)-4-hydroxyproline (not shown) in that a C-4 endo pucker is preferred. Crystallographic analyses of collagen structures have demonstrated that the most common conformation for imino acid residues at the Xaa and Yaa positions are the C-4 endo ring pucker and the C-4 exo ring pucker, respectively [43 -46] . The sequence of NSI defines a symmetrical triblock peptide, while the sequence of NSII incorporates a longer central block of seven canonical (Pro-Hyp-Gly) triads. Peptide NSIII was designed to interrogate the effect of placement of the charged residue at the Xaa position. The amp residue displays a ring pucker preference that matches the conformational bias of the Xaa sites and was chosen in place of Amp for the NSIII sequence. In each case, it was anticipated that the conformational constraints of the collagen structure should direct the charged amino group of the Amp/amp residue between triple helices rather than between strands within a triple helix. This conformational bias should favour salt bridge and/or electrostatic interactions between the respective aminoproline derivative and glutamic acid residues on structurally adjacent triple helices, thus favouring the formation of layered structures with the triple helices in register and perpendicular to the surface of the nanosheet (figure 1g ). Peptides NSI, NSII and NSIII were prepared via microwaveassisted solid-phase peptide synthesis as the uncapped (i.e. N-amino, C-acid) derivatives. CD spectropolarimetry of solutions of each peptide (2-2.5 mg ml 21 in 20 mM MOPS buffer, pH 7.0) indicated the presence of the collagen triplehelical conformation (data not shown). All three peptides displayed a cooperative melting transition, in which the T m depended on the presence of Amp versus amp and the length of the peptide sequence. Melting transitions (T m ) of 328C and 608C were observed for buffered aqueous solutions of NSI and NSII, respectively, under conditions that promoted the formation of assemblies (vide infra). The presence of three additional triads of the canonical (Pro-Hyp-Gly) repeat within the central block significantly increased the thermodynamic stability of NSII vis-à-vis NSI, as would be expected based on previous studies of collagen-mimetic peptides. NSIII displayed a melting transition of 288C, which was similar to but slightly lower than that of NSI. Dilute solutions of NSI (2 -4 mg ml 21 in 20 mM MOPS buffer, pH 7.0) formed assemblies over a period of days to weeks. By contrast, solutions of the more thermodynamically stable NSII (2.5 mg ml 21 in 20 mM MOPS, pH 7.0) assembled over a period of hours at ambient temperature. The difference in self-assembly rates between NSI and NSII was presumably due to the difference in thermodynamic stability of the respective collagen triple helices (vide supra). Formation of the triple helix is a pre-requisite for the formation of higher order structures. We hypothesize that the growth rate of the supramolecular assemblies for a given peptide sequence may depend on the relative stability of the collagen triple helix with respect to the temperature at which assembly occurs. While both NSI and NSII can self-assemble at ambient or sub-ambient temperatures, only NSII can selfassemble at 458C, as this temperature is well above the observed T m for the NSI peptide. In addition, the rate of NSI assembly and corresponding assembly morphology depended strongly on the peptide concentration (vide infra). These observations, as well as the high degree of polymorphism of the assemblies, are consistent with a nucleated growth mechanism. In addition, analysis of nanosheets derived from structurally related collagen-mimetic peptides has also demonstrated that the rate of self-assembly can be correlated with self-assembly kinetics such that sequences displaying high thermodynamic stability can assemble into sheets within minutes [13] . The resultant assemblies were characterized through correlative image analysis with transmission electron microscopy (TEM) and atomic force microcopy (AFM). TEM of NSI and NSII assemblies was consistent with the presence of two-dimensional nanoscale sheets as the only observable self-assembled structures (figure 1a,b). Most commonly, the sheets occurred as fully formed tetragonal assemblies with cleanly defined edges in both lateral dimensions. Typically, the nanosheets displayed a wide dispersion in lateral dimensions, which most likely resulted from slow (Pro-Yaa-Gly) 4 -(Pro-Hyp-Gly) n -(Xaa-Hyp-Gly) 4 (Xaa-Hyp-Gly) 4 -(Pro-Hyp-Gly) n -(Pro-Yaa-Gly) 4 NSI: Xaa = Glu; Yaa = Amp; n = 4 NSII: Xaa = Glu; Yaa = Amp; n = 7 NSIII: Xaa = amp; Yaa = Glu; n = 4 rsfs.royalsocietypublishing.org Interface Focus 7: 20160141 nucleation kinetics for sheet formation. AFM analysis was employed to interrogate the height of the assemblies, which was observed to depend on the concentration and molar mass of the peptides ( figure 1c,d ). Solutions of NSI incubated for long periods under more dilute conditions (2 mg ml 21 )
afforded thick, multi-layer nanosheets with heights up to ca 500 nm. AFM imaging provided evidence for multiple stacked layers within the NSI nanosheets. Terraces could be observed on the nanosheet surface, which suggested that epitaxial growth of new layers could occur in the transverse (i.e. sheet stacking) direction, although to a lesser extent than the corresponding lateral growth. More concentrated solutions of NSI (4 mg ml
21
) and solutions of NSII (2.5 mg ml 21 ) formed thinner assemblies, presumably due to faster nucleation for these systems. Nanosheets of NSII were typically only one or two layers in thickness, while nanosheets of NSI were thinner but still polymorphic in the transverse dimension. AFM measurements provided values of 8.8 + 0.8 nm and 12.3 + 0.7 nm for the heights of single-layer sheets of NSI and NSII, respectively (figure 1d). These values closely corresponded to the calculated thicknesses for single layers comprising vertically oriented triple helices of NSI and NSII (10.3 nm and 12.9 nm, respectively, based on the # of residues x 0.286 nm residue 21 ). The observed differences in thickness between single-layer nanosheets of the NSI and NSII peptides derive from the differences in the length of the corresponding collagen triple helices. Both NSI and NSII nanosheets displayed well-defined meso-scale morphologies that suggested an organized arrangement of triple helices within assemblies. The NSI nanosheets were subjected to a detailed structural analysis using a combination of synchrotron SAXS/WAXS measurements in solution in combination with electron diffraction (ED) in the solid-state. SAXS/WAXS data were collected on aqueous solutions of NSI in MOPS buffer. The SAXS intensity profiles as a function of q, the momentum transfer, displayed form factor scattering in combination with a series of sharp Bragg-type reflections (figure 1e). The scattering intensity followed a power-law dependence of the momentum transfer . The d-spacings could be calculated for the two sets of signals from the Bragg relationship. The weaker signals corresponded to d-spacings of 10.5 nm and 5.24 nm and were assigned to the layer thickness and halflayer thickness of the nanosheet. The weak intensity of these two signals can be attributed to limited transverse growth (i.e. layer stacking) for the NSI nanosheets, with respect to the extent of lateral growth, which commensurately limits the transverse coherence length. The stronger signals at larger q-values correspond to d-spacings of 15.5 Å , and 11.0 Å , which presumably derive from lateral packing of triple helices in the two-dimensional assemblies. In support of this hypothesis, the greater intensity of these signals is consistent with a larger lateral coherence length, which has additional support from TEM and AFM measurements in which the lateral dimensions of representative sheets are much larger than the transverse dimensions. The geometric relationship between these two d-spacings is consistent with a tetragonal two-dimensional lattice in which the lattice parameters display a relationship a % b that suggests an approximately square packing arrangement of collagen triple helices within the NSI nanosheets. This packing arrangement gains additional support from ED measurements (figure 1f ) on negatively stained specimens of NSI nanosheets 
offset between the respective axes. Based on these considerations, a two-dimensional square lattice was proposed for the structure of the NSI nanosheets, in which structurally adjacent collagen triple helices were packed in an anti-parallel orientation to maximize attractive Coulombic interactions between subunits (figure 1g). Subsequent experimental studies have demonstrated that structurally related collagen-mimetic peptides display a similar tetragonal packing arrangement within the twodimensional lattice despite having limited and controllable growth in the transverse (i.e. vertical) dimension [13] .
In contrast to self-assembly of the NSI/NSII system, the behaviour of NSIII exhibits notable differences. Peptide NSIII assembles only at temperatures below 258C, presumably as a consequence of the proximity of its T m to ambient temperature. Solutions of NSIII (4 mg ml 21 in MOPS buffer)
self-assemble over a week at 48C. TEM and AFM analysis indicate the formation of two-dimensional assemblies (figure 2a-c). However, unlike the NSI and NSII assemblies, the NSIII sheets comprise a nearly uniform population in size and thickness. The NSIII sheets are typically much smaller than the NSI or NSII sheets. The diagonal across the NSIII sheet surface is of the order of several hundred nanometres rather than several micrometres. AFM measurements of sheet height indicate a uniform thickness with a value of 9.6 + 0.4 nm, which is comparable to the length of a single collagen triple helix of NSIII (figure 2d). Dynamic light scattering measurements indicate a narrow distribution of sizes (figure 2e,f ). The temperature dependence of the scattering indicates a sharp decrease in hydrodynamic radius above the T m of NSIII. Synchrotron SAXS analysis (figure 2g) of dilute solutions of NSIII display a scattering intensity profile consistent with sheet-like forms, including a q 22 power-law dependence. The data in the Guinier region (q max Â R c 1.0) can be fit to a model for sheet-like forms. A value of 10.7 + 0.4 nm for the sheet thickness can be calculated from the Guinier plot, which compares well to the height from AFM measurements and the length of the NSIII triple helix. Moreover, Bragg diffraction peaks are observed in the high q region of the intensity plot, which support a high degree of internal order for the sheets. However, the corresponding dvalues (14.0 Å (strong), 10.2 Å (weak) and 9.67 Å (weak)) for the NSIII nanosheets imply that the two-dimensional lattice has a slightly different internal structure than observed for NSI/NSII sheets. The slight but significant difference in metrical values for the weaker d-spacings (10.2 and 9.67 Å ) implies that the packing of triple helices deviates from the square arrangement observed for the (hk0) lattice of the NSI nanosheets. The d-spacing of 14.0 Å , associated with the major diffraction lattice of the NSIII nanosheets and confirmed with ED measurements, deviates significantly from the corresponding d-spacing of 15.5 Å observed for the NSI nanosheets. Based on this observation, we hypothesize that the two-dimensional unit cell of the NSIII nanosheets undergoes a significant contraction vis-à-vis the corresponding arrangement within the NSI nanosheets, which may imply that significant structural distortion may arise due to the elastic deformation of the triple helices [12] . The NSI and NSII nanosheets display properties that are consistent with those of canonical self-assembling systems, that is, in which the lateral growth is not constrained in dimension and is typically orders of magnitude larger than the width of a single collagen triple-helical subunit (ca 1.5 nm). The local structure of the two-dimensional lattice appears to be propagated over the entire extended nanosheet assembly. Significant polymorphism is observed in lateral growth, presumably due to relatively slow nucleation of nanosheet assembly. While nanosheet growth can occur in the transverse (z) direction, the sheet thickness is relatively limited in the degree of lamination and defined in terms of integral units of the contour length of the triple helix. Subsequent research on a related collagen-mimetic peptide system has demonstrated that the transverse growth can be rationally controlled independent of growth in the lateral dimension [13] . By contrast, the self-assembly behaviour of the NSIII peptide appears more consistent with that of a geometrically frustrated assembly that displays self-limiting growth in the lateral dimension. A homogeneous population of nanosheets is observed in which the extent of lateral growth is approximately 400-500 nm or about two orders of magnitude larger than the subunit diameter of ca 1.5 nm. The transverse growth is limited to the length of a single triple-helical protomer and, therefore, cannot be considered as a manifestation of geometrical frustration. If this interpretation of the data is correct, then these results suggest that relatively minor changes in sequence within the structurally defined context of a collagen triple helix can significantly alter the mode of nanosheet formation from canonical self-assembly to geometrically frustrated self-assembly.
Understanding the origin of this difference would be insightful with regard to implementing geometrical frustration as a design principle in peptide self-assembly. However, atomic resolution structural information is absent at present for either of these nanosheet systems, specifically, or for aminoproline-substituted collagen structures, generally. Some structural insight may be gleaned from the crystal structures of collagen-mimetic peptides containing the corresponding (2S,4S)-4-hydroxyproline (hyp) in the Xaa position or the (2S,4R)-4-hydroxyproline (Hyp) in the Yaa positions [43 -46] , which represent isosteric and isoelectronic analogues of amp and Amp, respectively. Analysis of structural differences in these peptides suggested that the presence of Hyp within the collagen sequence did not introduce structural distortions within the triple helix. The latter observation is not surprising in that the (Pro-Hyp-Gly) triad is not only the most prevalent with native collagen sequences, but also confers the greatest thermodynamic stability to the triple-helical structure [47] . By contrast, the presence of hyp residues at Xaa positions within the collagen repeats causes thermodynamic destabilization of the triple-helical structure and introduces local conformational heterogeneity and structural distortion.
The self-assembly of these collagen-mimetic nanosheets can be understood in terms of the packing of the chiral rodlike protomers within the respective two-dimensional lattices, which is mediated through local electrostatic interactions between oppositely charged residues (figures 1 and 2). In the case of NSI and NSII, these interactions can be propagated globally over the extended two-dimensional assembly. Presumably, minimal elastic distortion of the triple-helical subunits is required for productive formation of the nanosheets, which represents a situation that is compatible with that of a canonical self-assembling system [24] . The rsfs.royalsocietypublishing.org Interface Focus 7: 20160141 situation for the NSIII nanosheets appears significantly different. Local conformational distortion of the triple helix may occur due to the presence of the amp residues, which may necessitate a significant elastic deformation of the subunits in order to accommodate the formation of the stabilizing Coulombic interactions between structurally adjacent triple helices in the two-dimensional lattice. Notably, the NSIII nanosheets display a more compact two-dimensional unit cell than the NSI nanosheets [12] , in which the metrical parameters associated with the two-dimensional unit cell of the former peptide assembly deviate from the simpler tetragonal packing of the latter nanosheet. We hypothesize that the resultant elastic distortion of the NSIII peptides in the two-dimensional lattice represents an energetic penalty that limits the lateral growth and, therefore, the resultant nanosheets may be considered as geometrically frustrated assemblies. While this conclusion is speculative at present, it represents a testable hypothesis as well as a potential mechanism to control the extent of growth in peptide-based materials. The differences between the NSI/NSII and NSIII peptide systems (vide supra) suggests that the influence of amino acid substitutions on local peptide conformation could affect the global self-assembly process. The question arises as to whether local structural distortions could be introduced within the sequence context of otherwise well-defined self-assembling peptide systems through a rational design approach. While the results observed for these collagenmimetic systems were fortuitous, it may be possible to intentionally implement sequence modifications that perturb the local collagen triple-helical conformation, such as replacement of a single glycine with alanine [48] , and determine whether, within this defined structural context, nanosheet formation could be transformed from canonical self-assembly to geometrically frustrated assembly.
Moreover, geometrical frustration may be more widely applicable as a design principle in peptide self-assembly, which often relies on the packing interactions between chiral rod-like molecules. As has been observed in prior studies of peptide self-assembly, relatively conservative changes in the peptide sequence can result in significant changes in supramolecular structure due to their influence of local conformational interactions [49] . Indeed, Lamm et al. observed striking differences in self-assembly behaviour for a b-hairpin peptide as a consequence of substitution of a D-proline residue with an L-proline residue within the turn sequence. This mutation resulted in a conversion in mesoscale morphology of the resultant cross-beta fibrils from a discrete degree of sheets lamination to extended, crystalline packing [50] . This observation was consistent with a switch from geometrically frustrated packing in the D-proline variant to equilibrium assembly in the L-proline variant. While, in isolation, this imino acid substitution is relatively minor, within the context of the local peptide conformation, it has profound consequences that can be propagated such that it results in a significant difference in higher level structure [51] . The challenge in developing de novo frustrated peptide systems will reside in identifying sequence changes that introduce local conformational deformation within a given structural context without completely destabilizing the protein fold or abrogating global self-assembly.
Periodic defect lattice formation in helical nanosheet assemblies
Geometrical frustration can be manifested in alternate forms other than self-limiting domain size. Within certain packing geometries, the nature of the interactions between structural elements may prohibit the formation of a lattice in which all sites are energetically equivalent. In this case, a periodic lattice may result in which the position of the defect (i.e. frustrated) sites defines the unit cell of the structure. The classical case involves placement of anti-ferromagnetically coupled Ising spins in a trigonal (i.e. hexagonal close-packed) lattice, in which it is impossible for the Ising spins at every lattice position to experience identical interactions with its neighbours [25, 26] . As mentioned previously, a similar mode of geometrical frustration has been observed for polymer crystals that pack within trigonal lattices. In certain situations, one of the three chains within the unit cell is forced to occupy a frustrated site of higher energy than the other two chains [28] . The position of the frustrated chain defines the dimensions and internal structure of (hk0) lattice. This phenomenon is fairly common for polymer helices that display threefold symmetry. However, frustrated packing arrangements have also been observed for crystalline phases of g-alkyl-poly-L-aglutamate esters, in which the polypeptides adopt an a-helical conformation with the characteristic non-integral helical symmetry (3.6 residues turn 21 ) [52] [53] [54] [55] . Thus far, we have not directly observed a frustrated structure of this type in peptide nanosheets, but the concept of geometrical frustration has been used to rationalize the formation of an open-framework structure within two-dimensional crystals derived from self-assembly of straight a-helices [18] .
We recently reported the design of a synthetic peptide, 3FD-IL, that consists of two repeats of 18 amino acids, which defines 10 turns of a canonical straight a-helix having 18/5 helical symmetry (figure 3). The peptide sequence was designed to have three identical, interacting faces of six amino acid residues that are rotationally offset by -1208 and axially offset by 9 Å (six amino acids Â 1.5 Å rise/residue). The resulting peptides have threefold screwsymmetry and the individual faces can potentially interact with identical faces on adjacent peptides through a combination of van der Waals and Coulombic interactions (figure 3a). CD spectropolarimetry of dilute solutions of 3FD-IL at neutral or near-neutral pH indicated the presence of an a-helical conformation that was retained upon thermolysis (figure 3b). However, after thermal annealing at higher concentration, the CD spectrum of the peptide underwent a transition that was consistent with a scattering effect due to the formation of self-assembled species. TEM analysis of these annealed specimens indicated the formation of sheetlike assemblies (figure 3d). AFM measurements (figure 3e,f ) confirmed the presence of nanosheet assemblies in which the height measurements indicated a narrow distribution centered at approximately 65 Å . This latter distance corresponded reasonably well with the calculated length of 57 Å for an a-helix based on the 3FD-IL sequence. Synchrotron SAXS analysis of these solutions (figure 3c) displayed a scattering curve that could be attributed to the formation of sheet-like objects. In the Porod region, the intensity displayed a power-law dependence on the momentum transfer (q 22 ) that was characteristic of a two-dimensional assembly. In the Guinier region, the data could be fit to a sheet-like form with a thickness of 65 Å , which coincided with AFM height measurements of individual nanosheets Bragg diffraction peaks were observed in the high q region at d-spacings of While pseudo-hexagonal close packing of helices has been commonly observed in the crystal structures of synthetic helical peptides [56, 57] , the formation of open-framework honeycomb structures is an unusual occurrence. In the case of 3FD-IL, the formation of a hexagonal close-packed lattice could result in a geometrically frustrated structure, in which one of the three helices occupied an energetically less privileged (i.e. frustrated) position in the suppositious unit cell with respect to the other two helices. Lotz has posited that such a structural distortion is difficult to predict a priori, but could occur under conditions in which the stabilizing interactions between the two privileged helices within the three-chain unit cell compensated for the less favourable interactions experienced by the frustrated helix. Under this specific set of conditions, the positions of the frustrated helices (i.e. defect sites) define the periodic lattice, which represents a hexagonal honeycomb (but not open-framework) structure (figure 4). The proposed structural model of the 3FD-IL nanosheet resembles this situation, but with the unanticipated observation that the frustrated positions at the corners of the unit cell are unoccupied, or, more accurately, are occupied by a water-filled channel that is lined with polar lysine and glutamic acid residues. The question becomes why does this specific structural situation develop? Mutagenesis studies on 3FD-IL suggest that an anti-parallel orientation of structurally adjacent helices within the twodimensional lattice is the thermodynamically preferred packing arrangement [18] . This situation is similar in concept, if not in the physical nature of the interaction, to the aforementioned example of anti-ferromagnetically coupled Ising spins on a trigonal lattice [25, 26] . A third helix (or spin, in the latter case) cannot be added without introducing an energetically less favourable interaction. For self-assembly of 3FD-IL, the formation of a frustrated lattice is precluded due to the presence of the charged amino acid side-chains, which have the appropriate geometric arrangement within the helical peptide conformation such that they define channels that occupy the sites of the frustrated helices. Thus, the sequence design of the 3FD-IL peptide serendipitously trapped a potentially frustrated structure through introduction of specific pair-wise electrostatic interactions between the threefold helical faces.
It remains open to conjecture whether this concept could serve as a general approach to engineer open-framework structures based on C3-or D3-symmetric protein-based tectons. Lanci et al. [58] reported the computational design of a protein crystal that displayed a structure based on layers of trimeric coiled-coils having an open-framework lattice. The packing of coiled-coil trimers within these layers resembled a Kagome-type lattice, which is a packing rsfs.royalsocietypublishing.org Interface Focus 7: 20160141 arrangement that is capable of accommodating geometrical frustration in spin glasses [59] . Moreover, the Protein Data Bank contains numerous structures that crystallize within p3-related space groups that can be described in terms of layered, open-framework packing arrangements. Recently, computational design has been employed to optimize protein -protein interfaces within these structures to afford stable, free-standing two-dimensional assemblies of singlemolecule thickness [60] , or, alternatively, to create synthetic protein tectons that are capable of self-associating selectively in such packing arrangements [19, 58, 61] . Perhaps an even greater challenge might be the intentional design of a peptide system that self-assembled into a nanosheet based on a 'frustrated' trigonal unit cell, such as a heterotrimeric system in which the three peptides had distinct sequences and were chemically and physically distinguishable within the two-dimensional assembly. The development of such systems might pave the way for two-dimensional materials with multiple, individually addressable surface sites.
Conclusion and future prospects
Grason speculated in a recent perspective that the principle of geometric frustration might be employed to guide the rational design of synthetic assemblies that exhibit novel In the hexagonal close-packed lattice (c), helices pack against neighbouring helices having both anti-parallel and parallel orientations. The hcp lattice can undergo a structural distortion that places one of the three helices in a less energetically favourable (frustrated) position, which, by convention, is usually placed at the vertices of the trigonal unit cell. (Elements of the figure were reproduced with permission from Magnotti et al. [18] .)
structures and, potentially, functional behaviour [24] . This objective would pose 'challenges to designing selfassembling objects whose shapes are both sufficiently well-defined to control inter-block frustration, yet compliant enough to tolerate large variations of inter-block contact. It remains to be determined what synthetic platforms will be best suited for exploring and manipulating the interplay between shape misfit, cohesion, and deformability in GFAs (geometrically frustrated assemblies)'. The results that are presented herein suggest that peptides and proteins may be useful candidates for the construction of geometrically frustrated assemblies. The sequence specificity of proteins enables one to programme specific intermolecular interactions into the molecular structure of the respective subunits. While proteins display great structural complexity, which can be a significant challenge to the rational design of large assemblies, the conformations of folded proteins are often stable and persistent in solution. Moreover, the protein structural databank represents a significant resource that can be leveraged for design of novel types of protein assemblies. Sequencestructure correlations have been established for a number of relatively simple structural motifs or can be predicted using commonly available design engines. We propose that peptideand protein-based materials represent a rich test-bed to explore potential opportunities for construction of geometrically frustrated assemblies.
